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Abstract 
A trapped vortex combustor (TVC) has been a very promising novel concept for it offers improvements in lean blow out, alti-
tude relight, operating range, as well as a potential to decrease NOx emissions compared to conventional combustors. The present 
paper discusses the improved designs of the new combustor over the prior ones of our research group, including that: a) the over-
all dimensions, both axial and radial, are reduced to those of an actual aero-engine combustor; b) the air flow distribution is op-
timized, and especially 15% of the air is fed into the liner as cooling air; c) a straight-wall diffuser with divergence angle 9°is 
added. A series of experiments (cavity-fueled only, under atmospheric pressure) has been conducted to investigate the perform-
ance of the improved TVC. Experimental results show that at the inlet temperature of 523 K, the inlet pressure of 0.1 MPa, stable 
operation of the TVC test rig is observed for the Mach number 0.15-0.34, indicating good flame stability; the combustion effi-
ciency obtained in this paper falls into the range of 60%-96%; as the total excess air ratio increases, the combustion efficiency 
decreases, while the increase of the inlet temperature is beneficial to high combustion efficiency; besides, the optimal Mach 
numbers for high combustion efficiency under different inlet conditions are confirmed. The outlet temperature profiles feature a 
bottom in the mid-height of the exit. This paper demonstrates the feasibility for the TVC to be applied to a realistic aero-engine 
preliminarily and provides reference for TVC design. 
Keywords: combustion; trapped vortex combustor; improved design; performance; experimental demonstration 
1. Introduction1 
Flame stability is a key fundamental issue in the de-
sign of aero-engine combustors [1]. In conventional 
aero-engine combustors, flame stabilization is achieved 
through the introduction of a swirler, under which a 
central recirculation zone is formed to transport hot 
combustion gases back toward the injection nozzle, 
thereby providing the heat needed for the sustenance of 
combustion. Instead of swirl-stabilization, a trapped 
vortex combustor (TVC) utilizes cavities in which 
vortexes are trapped to stabilize the flame. On condi-
tion that the geometry of the cavity is properly de-
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signed, the vortex in the cavity can be stable. Com-
pared to conventional combustors, the flame stability 
of a TVC is much less sensitive to inlet conditions [2-10]. 
Little and Whipkey investigated the interaction of 
trapped vortices with drag and stability, and the proper 
dimensions for stable vortex were determined by flow 
visualization and laser Doppler velocimetry (LDV) 
measurements [11]. PIV measurements got nearly the 
same optimal dimensions as Little and Whipkey’s in-
vestigation by Hsu, et al. [12]. Furthermore, they found 
that the optimal dimensions also provide minimum 
pressure drop [12]. Based on the work above, GE and 
Air Force Research Laboratory (AFRL) team began to 
work on the design of a prototypical high pressure ca-
pable TVC test rig in 1996, which led to the fabrication 
of a   30.5 cm wide rectangular sector test rig and the 
relative testing was initiated at midyear 1998. Test rig 
performance exceeded all initial expectations: ground 
ignition, altitude relight and lean blow out were im-
proved by 50% compared to levels typical of conven-Open access under CC BY-NC-ND license.
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tional combustor; combustion efficiency above 99% 
was maintained over a 40% wider range than conven-
tional combustor; NOx emissions were reduced by 40% 
to 60% compared to 1996 ICAO standards. A big step 
was made by the joint technology development effort 
between GE aircraft engines, the US Navy and the En-
vironmental Technology Demonstration and Validation 
Program (ESTCP). Aimed at taking the TVC from the 
laboratory test stage to design and fabrication of engine 
worthy combustor hardware, their first full annular rig 
was designed and relative testing was completed in 
April 2007, and a 42% reduction in high power NOx 
compared to conventional combustors was obtained. 
Compared to their earlier sector testing, the low power 
performance of the full annular rig was poorer. The 
second full annular rig was scheduled for 2007 or early 
2008, however, the testing results have not been re-
ported yet [13]. 
Research of the TVC in China is still at the stage of 
laboratory test. Fan, et al. studied the cold flow field of 
a TVC by PIV tests and the low NOx emissions of a 
TVC [14-15]. Recently, Xing, et al.’s work has been fo-
cused on the application of cavity flame stabilization in 
inter-turbine burners, and a series of results has been 
obtained [16-17]. 
Our research group has been working on TVC since 
2001. The most important results include the determi-
nation of the optimal geometry of cavities for flame 
stabilization and the minimum pressure drop, the cor-
relation between combustion performance and many 
key parameters such as fuel/air ratio, inlet temperature 
and inlet Mach number, and a review of the combus-
tion buildup and design routine of TVCs, etc [18-21]. The 
recent objective of this paper is to explore the feasibil-
ity for a TVC to be applied in an actual aero-engine. 
For this goal, changes (mainly in geometry) of our 
prior test rig are necessary.  
In the present work, a new TVC test rig with re-
duced dimensions compared to our prior rig has been 
designed and fabricated. In addition, a series of ex-
periments has been conducted to demonstrate the per-
formance of the new test rig. 
2. TVC Test Rig Design 
Figure 1 provides the UG model of the test rig with 
sidewall removed illustrating some of the key features. 
The whole test rig is a 180 mm rectangular sector. 
Several modifications have been made compared to the 
prior test rig. Among the notable things, firstly, for the 
goal to apply TVC in a typical aero-engine, the whole 
dimensions of the rig are reduced. The distance be-
tween the end wall of the center bluff body and the 
combustor outlet is reduced by 22%; the dimensions of 
the cavity, both axial and radial, are reduced by 30%. 
Secondly, the air flow distribution of two rigs is rear-
ranged (see Table 1), the percentage of the main stream 
air is reduced from 65% to about 53%, the cavity air is 
reduced from 35% to 32% (including 5% cooling air of 
cavity fore body), 15% of the total air is induced to 
liner by inclined holes to protect the liner from hot 
gases. UG model of cavity and liner can be seen in  
Fig. 2. The inclination angle θ is defined as the angle 
between the centre line of the hole and the surface of 
the wall, as illustrated in Fig. 3. There are nine rows of 
holes, each 1 mm in diameter in the liner. The liner was 
designed to be interchangeable which consequently, 
would enable further research on both liner-cooling 
and outlet temperature field control. All these holes are 
inclined at θ=45° and are uniformly spaced in circum-
ferential direction. In the fore body, as illustrated in  
Fig. 4, five rows of holes with 1 mm in diameter are 
located at different inclination angles, the inner two 
rows of holes are inclined at θ=45° pointing inwardly 
to the centerline of the combustor, the outer row of 
holes are inclined at θ=45° pointing to the outer wall 
of the cavity (marked as “5” in Fig. 1), and the middle 
two rows of holes are perpendicular to the wall. The 
design of inclined holes in the fore body employed in 
this paper is expected to be incorporated in the 
dual-vortex flow pattern in cavity zones so that the 
vortexes would be enhanced. Thirdly, a straight-wall 
diffuser with divergence angle 9° is added (marked as 
“1” in Fig. 1).  
 
Fig. 1  UG model of test rig with sidewall removed for 
visulization. 
Table 1  Air flow distribution of two rigs 
Test rig Main stream/% Cavity/% 
Liner cool-
ing/%  
Prior 65 35 0 
Present 53 32 15 
 
Fig. 2  UG model of cavity and liner. 
 
Fig. 3  UG model of liner and schematic diagram of inclined 
holes. 
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Fig. 4  UG model of triangle body and schematic diagram of 
inclined holes. 
As is anticipated, the reduction in dimensions may 
affect the performance of the combustor in two ways. 
Firstly, the combustion residence time in cavity zone 
and in liner would be reduced, thus lowering the com-
bustion efficiency; secondly, the reduction in dimen-
sions of the cavity would increase the possibility for 
the fuel particles to impinge on the outer wall and aft 
wall (marked “4” in Fig. 1) of the cavity, leading to 
worse flame stability as well as lower efficiency. Bene-
fits may be achieved by the rearrangement of the air 
flow: a) both the cavity fore body (triangle body) and 
the liner would be protected from the hot gases by the 
cooling air; b) the reduction of the main stream per-
centage lowers the main stream velocity, which is 
beneficial to the increase of the combustion efficiency. 
Three significant changes have been made while 
some fundamental design features are kept. The dou-
ble-vortex flow pattern in cavity zones are assured for 
good flame stability. Figure 5 shows the vortex struc-
ture in a cavity predicted by CFD; liquid fuel (kerosene) 
is delivered into the two cavities by six pressure-swirl 
atomizers, three for each cavity; the dome (marked as 
“2” in Fig. 1) structure comprised of a center bluff 
body and eight radial struts is kept the same, this struc-
ture is very helpful to promote the interaction between 
the cavity flows and the main stream which greatly 
enhances the mixing, resulting in short flame length 
and uniform gas temperature profiles. Visualization can 
be achieved by the vertical quartz window and the 
horizontal quartz window respectively. 
 
Fig. 5  Vortex structure in a cavity predicted by CFD. 
3. Experimental Setup and Test Conditions 
Figure 6 is a schematic diagram of the experimental 
setup. The laboratory is capable of providing a total of 
up to 1.2 kg/h of heated air at atmospheric pressure. 
The air can be electrically heated to temperatures 
ranging from room temperature to about 573 K, or be 
heated by a combustor to temperatures ranging from 
room temperature to about 800 K. In this paper, elec-
trical heating is employed. Two independently con-
trolled fuel systems are available; however, only one of 
them is used in this paper for there is no fuel supply in 
the main stream. 
 
Fig. 6  Schematic diagram of the experimental setup. 
The air flow rate is monitored by an orifice plate 
meter, and the temperature of the air is measured by a 
K-type thermocouple which is set just upstream of the 
TVC test rig inlet. 
The exit temperature measurement is very important 
in determining the combustion efficiency and the outlet 
temperature profiles. The combustor exit gas tempera-
ture profiles were measured using three stationary 
3-element Pt/Rh (B-type) thermocouple rakes (marked 
as A, B and C respectively in Fig. 7) located at the 
combustor discharge plane. To avoid wall effect, these 
three thermocouple rakes are set within the middle 
zone of the outlet. As shown in Fig. 7, Rake A refers to 
the axial section of the middle injector, Rake C the 
axial section of the radial strut near to the middle in-
jector, and Rake B is positioned midway between Rake 
A and Rake C. The B-type thermocouples are suited for 
long-term use at up to 1 800 °C. The outlet B-type 
thermocouples are connected to a NI PXle-4353 mod-
ule through a NI TBC-4353 terminal block. The NI 
PXle-4353 module is a high accuracy thermocouple 
 
Fig.7 Schematic diagram of exit thermocouple rakes’ 
fixation. 
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input module that supports up to 32 thermocouple in-
puts, with its maximum allowable sample rate 90 S/s. 
All the experimental conditions are given in Table 2. In 
Table 2, T is the inlet temperature, Ma the inlet Mach 
number, α the total excess air ratio. 
Table 2  Summary of experimental conditions 
T/K Ma α 
373 0.20-0.30 1.80-2.53 
473 0.20-0.32 1.80-3.00 
523 0.20-0.34 1.75-3.00 
4. Results and Discussion 
A series of experiments was conducted to explore 
the flame stability of the test combustor, the combus-
tion efficiency as well as the outlet temperature profiles. 
Stable operation was achieved for a wide range of the 
inlet Mach number from 0.15 to 0.34 when the inlet 
temperature is 523 K. The inlet Mach number, the inlet 
temperature and the total excess air ratio play a very 
important role in determining the combustion effi-
ciency. Figure 8 shows a photograph of the test rig in 
operation with liquid fuel (kerosene). 
 
Fig. 8  Photograph of test rig in operation with liquid fuel 
(kerosene). 
4.1. Correlation between combustion efficiency and
 total excess air ratio 
The combustion efficiency η is plotted versus the 
total excess air ratio in Fig. 9 for T=373, 473, 523 K 
respectively. The major feature shown in Fig. 9 is that 
η follows the expected trends of decreasing with in-
creasing α. As is predicted, increased α implies de-
creased temperature of both combustion zones and the 
combustor walls which will lower the combustion effi-
ciency. Besides, for fixed Mach number, fuel supply 
pressure of the pressure-swirl atomizers should be de-
creased to increase α; however, the spray quality of the 
atomizers becomes worse under lower fuel supply 
pressures, which also attributes to the decrease of the 
combustion efficiency. As the total excess air ratio in-
creases from 1.78 to 2.82, the combustion efficiency 
reduces by approximate 30% (from 93% to 65%) when 
T=473 K, Ma=0.34 (see Fig. 9(b)). 
 
Fig. 9  Effect of total excess air ratio on combustion 
efficiency for different inlet temperatures. 
4.2. Correlation between combustion efficiency and  
inlet Mach number 
The combustion efficiency is shown as a function of 
the inlet Mach number in Fig. 10. Two valuable con-
clusions are drawn from this figure. First, under low 
total excess air ratio conditions (α=1.80), the change 
of Ma has an insignificant influence on the change of η, 
the extreme change of Ma (from 0.20 to 0.34, T=  
523 K, see Fig. 10(c)) changes the value of η approxi-
mately by 5%. However, as α increases, the Ma influ-
ences the combustion efficiency η much more. Second, 
the existence of an optimal Ma for a specific inlet con-
dition is confirmed: in the present work, for T=373, 
473, 523 K, the optimal Ma is 0.30, 0.25, 0.20 respec-
tively in this paper. 
The influence of the inlet Mach number on the com-
bustion efficiency can be analyzed from two aspects. 
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Fig. 10  Effect of inlet Mach number on combustion 
efficiency for different inlet tmperatures. 
For one thing, increased Ma decreases the combustion 
residence time; however, the extents of this influence 
on cavities and main stream are quite different, the 
flow in cavities varies little as the inlet conditions 
change; for the other thing, the fuel particles from the 
pressure-swirl atomizers would be further atomized by 
the air which is to flow into cavities. With higher Ma, 
better further-atomization may be obtained. It is clear 
that these two aspects have adverse effects on combus-
tion efficiencies. Experimental results for low total 
excess air ratios can be explained as follows. First, the 
atomization of the pressure-swirl atomizers is good and 
most of the combustion can be completed in cavity 
zones. Second, as has been mentioned above, the flow 
in cavities can be well protected from changes of inlet 
conditions. The further-atomization effect would be 
limited for the good atomization of the pressure-swirl 
atomizers. However, as total excess air ratio increases, 
the atomization of the pressure-swirl atomizers be-
comes worse, and combustion needs to continue after 
the mixture flows out of cavity zones. In these cases, 
both the combustion residence time and further atomi-
zation effect influence the combustion efficiency a lot. 
It is believed that the optimal Ma for combustion effi-
ciency depends on the overall effect of these two as-
pects. As the inlet temperature increases, the evapora-
tion degree of the fuel particles from the pressure swirl 
injectors increases, and thus the potential benefit (in-
crease of η) from further atomization effect decreases. 
Therefore, it makes sense that the optimal Ma de-
creases as the inlet temperature increases (0.30 for 
T=373 K, 0.25 for T=473 K and 0.20 for T=523 K). 
4.3. Correlation between combustion efficiency and
 inlet temperature 
Figure 11 provides the correlation between combus-
tion efficiency and the inlet temperature. This figure  
 
Fig. 11  Effect of inlet temperature on combustion 
efficiency for different inlet Mach numbers. 
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clearly shows that the inlet temperature strongly affects 
the combustion efficiency. As the inlet temperature 
increases from 373 K to 523 K, the combustion effi-
ciency increases up to 32.6% (from 64% to 95%) when 
α=2.52, Ma=0.20 (see Fig. 11(a)), which can be at-
tributed to the higher chemical reaction rates at high 
temperatures. 
4.4. Outlet temperature profiles 
The outlet temperature profile is a very important 
issue which can affect the life and durability of the hot 
sections downstream. In modern high performance 
engines, which employ extensive air cooling of turbine 
blades, the desired average radial distribution of tem-
perature at the combustor outlet plane is far from flat; 
instead, it usually has a profile that peaks above the 
mid-height of the blade. Even though cavity only op-
eration is a low power operating mode, significant tem-
perature profile effects can still lead to reduced turbine 
life or damage from hot streaking. 
Figure 12 shows the outlet temperature profiles 
across the downstream duct height with cavity-only 
and cavity-plus-main operations [5]. In Fig. 12, F/A rep- 
resents fuel air ratio. The combustor outlet height is 
68.6 mm, and the outlet gas temperature were meas- 
ured by two 7-element thermocouple rakes [22].  
 
Fig. 12  Outlet temperature profiles under different operation 
conditions [5]. 
In this paper, the outlet temperature profile was 
measured by the three temperature rakes (see Fig. 7). 
Figure 13 shows the outlet temperature profiles across 
the duct height with cavity-only operation, where T4avg 
is the average outlet temperature. As expected, the 
highest circumferential temperatures and the lowest 
circumferential temperatures were obtained by Rake C 
and Rake A respectively. Despite of the difference in 
the magnitudes of the temperature measured by the 
three rakes, the temperature profiles in the radial direc-
tion nearly coincide—a bottom in the mid-height of the 
exit. The temperature profile of Rake C is relatively 
flat, which is a good indication that the radial struts are 
evenly distributing the combustion products trans-
ported out of the cavities. The difference between   
Fig. 13 and the ideal temperature profile indicates the 
necessity to introduce dilution holes to optimize the  
 
Fig. 13  Outlet temperature profiles for three different inlet 
conditions. 
outlet temperature profile effectively. 
Due to the limitation of the exit height (about 42 
mm) and the geometry of the temperature rake, the 
temperature acquisition points (three for each rake) are 
not enough to provide very accurate information of the 
outlet temperature profile; however, the results ob-
tained in this paper shows good agreement with the 
results in Ref. [5]. Optimized temperature rakes are 
being investigated for our upcoming work. 
5. Conclusions 
Aimed at exploring the feasibility for a TVC to be 
applied to a realistic aero-engine, this paper describes 
the main improvements of the present test rig over the 
prior rig, including the reductions in overall dimen-
sions, the changes in air flow distributions and the ad-
dition of a diffuser. A series of relative experiments has 
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been conducted to investigate the performance of the 
present test rig. 
Stable operation is achieved for a wide range of the 
inlet Mach number from 0.15 to 0.34 when the inlet 
temperature is 523 K, which indicates good flame sta-
bility of the test rig. The combustion efficiency falls 
between 60% and 96% in this research. Although some 
of the results are not satisfying, much higher combus-
tion efficiency is predicted to be accessible under real-
istic aero-engine operation conditions for higher inlet 
temperatures and higher pressures. 
The combustion efficiency decreases as the total ex-
cess air ratio increases. The influence of the inlet Mach 
number on the combustion efficiency is relatively 
complicated; the optimal Ma drawn in this paper is 
0.30, 0.25, 0.20 for T=373, 473, 523 K respectively. 
Benefits are obtained from the increase of inlet tem-
perature. 
The outlet temperature profiles feature a bottom in 
the mid-way height of the exit. The effect of the radial 
struts on the outlet temperature has been well demon-
strated.  
Although some performances of the test rig need to 
be improved, this paper demonstrates the feasibility for 
a TVC to be applied to a realistic aero-engine prelimi-
narily and provides reference for the design of TVCs. 
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